The ultrastructure of three strains of water Leptospira was studied by negative staining, thin sectioning, and freeze-etching. The cells possessed a triple-layered sheath which covered two independent axial filaments, one inserted subterminally in each end of the cell. The protoplasmic cylinder was surrounded by a triple-layered cell wall and possessed ribosomes, lamellar structures, and a typical procaryotic nuclear region. The 
Existence of axial filaments in Leptospira is well known. However, their structure has not been resolved and their chemical composition is not known. Some investigators have reported these structures to consist of homogeneous single strands (5), whereas others have described double or multistranded structures (11, 28, 29, 35) . Ritchie and Ellinghausen (35) believe that these organelles are responsible for locomotion and have proposed a mechanism for their mode of action. Adequate information concerning ultrastructure and composition of axial filaments is too meager for an accurate assessment of their functional role. Experiments designed to reveal their physico-chemical nature, as well as their ultrastructure, would require adequate yields of pure filament preparations. In this communication, we describe a procedure for the isolation and purification of axial filaments from a strain of water Leptospira isolated in this laboratory (6, 10) . Structural observations and physical and chemical properties of the axial filaments are presented, and their relationship to bacterial flagella is discussed.
MATERIALS AND METHODS
Organisms and growth conditions. Leptospiral strain B16, isolated on synthetic medium from water (6, 10, 14) , was used in this study. Taxonomic designations of cultures were determined according to recommendations from a report of a World Health Organization Expert Group (40) . Cells were grown at 30 C in a medium of the following composition (per liter): NaCl, 500 mg; KCl, 400 mg; MgSO4.7H20, 100 mg; CaCl2.2H20, 50 mg; NH4CI, 53 mg; Na2-HPO4, 14.2 mg; thiamine, 1.0 mg; vitamin B12, 2.0,g; Tween 80, 0.5 ml; and casein hydrolysate (acidhydrolyzed, vitamin-and salt-free), 0.5 g. Vitamins, Tween 80, and phosphate were sterilized by filtration; the other components were autoclaved. The pH of the medium was adjusted to 7.4 with 1 N NaOH. When large volumes of cells were required, 12 -liter quantities of media were inoculated with 50 ml of a 3-to 4-day-old culture containing 108 to 2 X 108 cells/ml and were incubated with constant stirring for 3 to 4 days to yield a cell density of 2 X 108 to 3 X 108 cells/ml. Cells were harvested by continuous-flow centrifugation at 44,000 X g at 5 C. Pellets were combined, washed once with 0.01 M phosphate buffer (pH 7.3), and used immediately or stored at -20 C until needed.
Electron microscopy. Samples for negative staining were suspended in 0.01 M phosphate buffer (pH 7.3 and were placed on 300 mesh carbon-coated copper grids. Excess fluid was removed with filter paper, and the preparations were air-dried before examination.
Samples to be shadowed were placed on grids as described for negative staining and were air-dried for 30 to 60 min. Samples were then shadowed in a 264 LEPTOSPIRAL AXIAL FILAMENTS Denton DV-502 vacuum evaporator with carbonplatinum pellets at an angle of 30°.
Samples for ultramicrotomy were prefixed directly in the culture medium, either with 4% unbuffered glutaraldehyde for 4 to 5 hr or with Veronal-buffered 1% osmic acid (pH 6.1) for 2 hr at room temperature.
After glutaraldehyde prefixation, samples were washed three times with 0.01 M phosphate buffer (pH 7.3) at 12,000 X g for 10 min. All samples were postfixed with Veronal-buffered 1% osmic acid (pH 6.1) by the procedure of Kellenberger, Ryter, and S6chaud (19) . After fixation, samples were dehydrated in ethyl alcohol and embedded in Epon 812 by the procedure of Holt and Leadbetter (16) , except that polymerization of the Epon was carried out at 45 C overnight followed by heating at 60 C for 24 hr. Sections were cut on a Porter-Blum MT-2 ultramicrotome with a diamond knife, mounted on Formvar-coated, 300-mesh copper grids, and stained with lead hydroxide by the procedure of Karnovsky (17) .
Cells for freeze-etching were centrifuged from the culture medium at 12,000 X g for 30 min, giving a thick paste-like pellet. Samples were placed on 3.0-mm copper discs forming a small 1-mm mound, immediately frozen in liquid Freon 22, and stored in liquid nitrogen until used. Freeze-etching was accomplished according to the procedure described by Moor et al. (30) .
Electron micrographs were taken with a Philips EM 200 electron microscope equipped with a 30 Mm objective aperture operating at an accelerating voltage of 60 kv.
Protein determination. Cell protein was determined by the colorimetric method of Lowry et al. (23) with crystalline bovine albumin as a standard. Cell mass was determined by measuring the optical density of cell suspensions at 600 nm in a 1.0-cm absorption cell with a Beckman DU-2 spectrophotometer. A linear relationship between cell protein (0 to 240 ,g/ml) and cell mass was obtained, which permitted optical density measurements of cell suspensions to be used as a convenient method for estimating cell protein.
Isolation and purification of filaments. The following procedure was established through extensive centrifugation and density gradient steps, followed at each step by electron microscopic observations for filament concentration and purity. Cells from 48 liters of culture were centrifuged into pellets and suspended in 0.01 M phosphate buffer, pH 7.3; the suspension was adjusted to provide a protein concentration of 10 to 20 mg/ml. An equal volume of 2% sodium deoxycholate (DOC) in distilled water was sterilized by filtration through a 0.3-,um membrane filter (Millipore Corp., Bedford, Mass.) and was combined with the cell suspension. The mixture was placed in a sterile 500-ml flask and was stirred with a magnetic stirrer at room temperature for 6 hr; then the suspension of broken cells was centrifuged at 12,000 X g for 15 min at 5 C. The supernatant fluid was centrifuged at 105,000 X g for 60 min at 5 C. Pellets from this latter centrifugation were combined in 72 ml of 0.01 M phosphate buffer (pH 7.3) and were suspended with constant stirring for 5 to 6 hr at 5 C until a milky homogeneous suspension was obtained. 40-,uliter volumes, to the top of the gel columns. Suspensions of filaments or bacterial flagella were dissociated with 0.1 N HCI (pH 2.0), and urea was added to a final concentration of 8 M. Electrophoresis was accomplished at 8 ma per tube (at constant current) for 1 to 6 hr at 5 C. Gels were removed from the glass tubes, stained with amido black for 1 hr at room temperature as described by Davis (13) , and electrophoretically destained. Gel patterns were then scanned with a recording densitometer or were recorded photographically.
Amino acid analysis. Two independent amino acid analyses were performed on purified suspensions of axial filaments. The first analysis was done by P. S. Sypherd, University of Illinois, on a purified suspension of filaments that had been hydrolyzed with 6 N HCI at 110 C for 24 hr. The second analysis was performed by E. Westhead, University of Massachusetts, on a purified suspension of axial filaments that had been hydrolyzed with 6 N HCI under a nitrogen atmosphere at 110 C for 40 hr. RESULTS General morphology of strain B16. Strain B16 exhibited three major anatomical structures in VOL. 98, 1969 265 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from NAUMAN, HOLT, AND COX negatively stained and thin-sectioned preparations: a sheath; two independent axial filaments, one originating at each end of the cell; and a helicoidal protoplasmic cylinder.
The sheath which enveloped the protoplasmic cylinder and closely followed the contour of the cell ( Fig. 1) Fig. 1 and 2) .
Removal of the sheath by washing is consistent with similar observations on serotype hebdomadis A reported by Takeya, Morei, and Toda (39) .
When unwashed cells were examined with the freeze-etching technique, the sheath could be clearly demonstrated covering the axial filament and cell wall of the protoplasmic cylinder (Fig. 3) . In thin sections, the sheath was revealed as a triple-layered structure, 5 to 8 nm wide, resembling the triple-layered sheath found in thin sections of serotype pomona (35) . The location of the sheath relative to the protoplasmic cylinder was dependent on the procedure used for prefixation ( Fig. 5 and 6 ). In osmium-prefixed cells, the triple-layered cell wall and overlying electron-dense layer were not apparent, and the triple-layered sheath was not tightly apposed to the cell wall ( Fig. 4 and 7) .
The axial filament was apparent in sections of cells prefixed with both procedures (Fig. 4 to 7) . In transverse sections, the filament was located between the triple-layered sheath and cell wall ( Fig. 6 and 7) . In longitudinal section, the filament appeared as a structured, electron-dense strand with an approximate diameter of 20 nm ( Fig. 4 and 5) .
The cytoplasm of cells prefixed with osmium possessed a typical procaryotic nuclear region (Fig. 4) , whereas in glutaraldehyde-prefixed cells this nuclear region was not apparent. Ribosomes and several areas of tightly packed, finely granular structures could be seen in longitudinal sections of cells fixed with either procedure (Fig. 4 and 5). In transverse sections, these granular structures appeared as internal lamellar membranes (Fig. 6 ). Similar, finely granular areas were observed in thin sections of serotype biflexa Dubna (18) and in serotype biflexa Patoc I (4).
Negatively stained protoplasmic cylinders of washed cells frequently possessed lamellar or whorled structures (Fig. 2, 8 , and 9). These structures were observed at several locations along the protoplasmic cylinder, but were observed most frequently in close proximity to the axial filament insertions ( Fig. 2 and 8 ).
Attempts were made to examine cells that were engaged in cell division. Sixteen-to 18-hr cultures contained many "hinged" or dividing cells when examined by low power (300 X) dark-field microscopy. These cells were washed with 0.01 M phosphate buffer (pH 7.3), centrifuged at 12,000 X g for 15 min, and negatively stained. Figures   8 and 9 show a portion of a washed cell which was in the process of division. The invagination of the protoplasmic cylinder is clearly shown in Fig. 9 , demonstrating that transverse binary fission is the mode of cell division, as previously reported for serotype pomona (35) . In dividing cells, axial filaments were seen to originate from either side of the points of invagination (Fig. 9 ), similar to observations reported for serotype pomona (35) . Thus, new axial filaments were formed before cell division was completed, and the dividing cell can possess four independent axial filaments at one time.
The fine structure of the axial filament was not revealed in unwashed cells (Fig. 1) . However, filaments were outlined by enveloping sheaths ( Fig. 1 and 3 ). When the sheath was removed by washing, the filament occasionally could be seen in a trough ( Fig. 3 ) and originating from a concentric array of circular profiles in the end of the protoplasmic cylinder (Fig. 2) . In the washed cell, the filament measured 20 to 25 nm in diameter (Fig. 2 ). Each washed cell was found to have two independent axial filaments, one originating from each end of the protoplasmic cylinder. The protoplasmic cylinder appeared to be entwined along the axial filaments, and, in examinations of many cells, the filaments could not be observed to overlap.
Axial filament purification and ultrastructure. The disintegrating effect of DOC on the leptospiral cell was reported previously (12, 38) ; cells exposed to various concentrations of DOC appeared to disintegrate, releasing intact filaments. A 1% (w/v) solution of DOC, shown to be most efficient for disrupting other strains of leptospiral cells (12, 38) , was used to release the axial filaments from protoplasmic cylinders (Fig. 10) for subsequent purification.
Final purification of the axial filaments was achieved by banding the filaments in a RbCl isopycnic density gradient, in which a single, bluishgray band formed (Fig. 11) . Twenty-drop fractions were collected from the tube and the optical density of each fraction at 280 nm was determined; the density was measured for three fractions: one near the top, the peak fraction, and one at the bottom. The density was measured by weighing 25 jAliters of each fraction in a micropipette. Buoyant density of the peak fraction in RbCl was 1.27 g/ml (Fig. 11) , and examination of this fraction with the electron microscope revealed a purified suspension of axial filaments ( Fig. 12 and 13 which absorb in the 270-to 280-nm region, can be attributed to the presence of tyrosine and tryptophan residues, with the resulting spectral shift under alkaline conditions due to the ionization of the hydroxyl groups in the tyrosine residues.
The ultrastructure of the axial filament in purified and crude suspensions was studied extensively (Fig. 12 to 18 ). The proximal end of a filament showed an abrupt change in fine structure, which appeared to be honeycombed and which measured 40 to 70 nm in length. This honeycombed structure is referred to as the terminal knob ( Fig. 14 to 16 ). Proximal to the terminal knob was a series of four or five discs varying in width and diameter, forming a plug-like arrangement, which presumably anchored the filament in the protoplasmic cylinder (Fig. 14 to 16 ). Similar structural changes have been reported at the proximal ends of bacterial flagella (2, 3, 9, 34) .
The filament which was multistructured was found to consist of an inner core (13 to 16 nm in diameter) surrounded by a coat which together measured 20 to 25 nm in diameter (Fig. 17) . The coat could be separated from its inner core by simple physical manipulation during purification.
Purified suspensions of axial filaments were shadowed with carbon-platinum pellets (Fig. 13) , and some of the filaments revealed feathery surface structures over portions of their length. These structures may be preparation artifacts resulting from heating during the shadowing process. The shadow also emphasized a structural enlargement (Fig. 13 the terminal knob seen in negatively stained preparations.
Purified suspensions of axial filaments were also subjected to thin sectioning. Suspensions were fixed with Veronal buffer-i % osmic acid (pH 6.1), dehydrated, and embedded in Epon as previously described. Filaments appeared to be structured, with a diameter of 20 to 34 nm (Fig. 18) . Examination of cross-sections did not reveal elementary fibers, in contrast to those observed in the filament of serotype pomona (35) .
Effect of chemicals, enzymes, and heat. The effect of various chemicals and enzymes on the structure and integrity of the axial filaments was determined (Table 1) . Ribonuclease, deoxyribonuclease, Pronase, and trypsin did not alter the structure of the axial filaments in 1 hr when compared to untreated controls. Chemical treatment with acid (pH 2.4), alkali (pH 12.0), 6 M guanidine (pH 7.9), 67% dimethyl sulfoxide, 6 M urea, and 50% ethyl alcohol resulted in dissociation of the filaments. When these dissociated filament suspensions were centrifuged at 216,000 X g for 30 min, the pellets were found to consist primarily of terminal knobs (Fig. 19) . Similar results were obtained by Abram et al. (Bacteriol. Proc., p. 39, 1967) when they exposed bacterial flagella to acid conditions. After centrifugation, they obtained an enrichment of flagellar hooks.
Heating the filaments at 60 C for 60 min caused a partial dissociation. Some aggregated material, presumed to be denatured filament protein, could be found in the filament suspensions. In contrast, when bacterial flagella were exposed to 60 C for 30 min,_ they were completely dissociated (27) .
Polyacrylamide gel electrophoresis. The electrophoretic mobility and structural homogeneity of purified, acid-dissociated axial filaments were determined with polyacrylamide gel electrophoresis. Filaments were dialyzed against distilled water for 24 hr at 5 C, washed once with cold distilled water, and centrifuged at 216,000 x g for 30 min. The opaque pellet obtained was suspended in 0.5 ml of distilled water and was subjected to electrophoresis. Optimal separation of the filament proteins was achieved after 6 hr with the separation of six distinct bands (Fig. 20) . The unexpected finding of six electrophoretic bands in acid-treated filaments necessitated an attempt to duplicate previously reported findings of only one band with acid-dissociated bacterial flagella (26) . Purified flagella from Proteus vulgaris were prepared as described by Kobayashi, Rinker, and Koffler (20) , and such preparations were acid-treated and electrophoresed as previously described. One protein band was obtained. Thus, it may be concluded that filament preparations were either grossly contaminated with other cell protein, a possibility not substantiated by electron microscopy ( Fig. 12 and 13 ), or that leptospiral filaments are more complex than bacterial flagella in spite of their morphological similarity.
Amino acid analyses. Since results of several physical and chemical studies of the axial filaments indicated that these organelles were composed of protein, the amino acid composition of the filaments was determined and compared with that of flagella from two bacterial species (Table  2) . Generally, similarities in amino acid composition were seen between the filaments and one or both of the bacterial flagella (26) . tempts to purify axial filaments, an unusual structure was seen in crude filament preparations (Fig. 10) . The structure was striated, with a periodicity of 4 to 4.5 nm, variable in length, and had a diameter of 35 to 60 nm. Occasionally, in end views, this structure appeared to be tubular (Fig. 10, 16 , and 26). Location of these structures in the leptospiral cell was difficult, because these structures could not be observed in unwashed cell preparations ( Fig. 1 ) However, they could be found lying on the grid next to cells that had been washed (Fig. 21) , and careful examination of frozen-etched cells (Fig. 3) and negatively stained preparations of washed cells revealed this structure encompassing the axial filament ( Fig. 21 and  22 ). Since most of these striated tubes were found free on the grid, it could be postulated that the structural relationship between them and their enclosed filaments was easily destroyed when cells were washed. Close examination of these striated tubes during axial filament purification revealed an uncoiling of these structures, which indicated that they may consist of a continuous helical, spring-like arrangement ( Fig. 23 and 24) . Uncoiling of these structures seemed to occur predominantly at points along the coil that lacked the surrounding electron-dense material, suggesting that this material was responsible for keeping the coiled fibers cemented together. The diameter of the fiber in the loose coil measured 3 to 4 nm.
DISCUSSION
Electron micrographs of the leptospiral isolate chosen for this study demonstrated a cellular morphology similar to recognized strains of Leptospira reported by previous investigators. In this study, the sheath surrounding the protoplasmic cylinder appeared in thin sections as a triple-layered structure. This was morphologically similar to that observed in serotype pomona (35) , but not consistent with a five-layered sheath found in a strain of serotype canicola (4) or a strain of serotype icterohemorrhagiae (31). Anderson and Johnson (4) also reported that a five-layered sheath was observed in serotype biflexa Patoc I, although their electron micrograph showed the sheath to consist of a triplelayered structure. The authors attributed this three-layered appearance to poor preservation of the sheath. It is possible, however, that these variations in the number of layers comprising the sheath may not be the result of poor preservation, but may be related to leptospiral virulence or susceptibility to lysis by free fatty acids (37) .
Triple-layered sheaths have also been observed in spirochetes of the genera Borrelia (7, 31) , Treponema (7, 21) , Cristispira (32) , and Spirocheta (15) , indicating that this structure may be characteristically found in all spirochetes.
Previous investigators, employing the classic Ryter-Kellenberger fixation, fixed leptospiral cells with only osmium and obtained a loosely fitting sheath. The position of the sheath relative to the protoplasmic cylinder was shown in our study to be dependent on the procedure used for fixation. Further investigation is required to determine whether a loosely fitting or a tightly fitting sheath is the "natural" structural arrangement surrounding the protoplasmic cylinder.
The electron-dense area between the sheath and cell wall, found only in glutaraldehyde-prefixed cells, may be a preparation artifact. However, it is possible that in cells prefixed with osmium this electron-dense layer is not well preserved, is lost, or that its presence is only apparent when the sheath is held tightly against the protoplasmic cylinder.
Thin sections of the protoplasmic cylinder were found to be surrounded by a triple-layered cell wall similar to the structure surrounding the protoplasmic cylinder found in serotype pomona (35) , serotype canicola and serotype biflexa Patoc I (4), serotype icterohemorrhagiae (31), and T. microdentium (21, 22) . Evidence that this structure represents the leptospiral cell wall was presented by Yanagawa and Faine (41) icterohemorrhagiae. Morphological evidence for the location of the cell wall in leptospires was given by Anderson and Johnson (4). Cells of serotypes canicola and biflexa Patoc I having intact outer sheaths were resistant to lysozyme; the wall of the protoplasmic cylinder was susceptible to lysozyme only when the integrity of the sheath was destroyed. The authors concluded that the mucopeptide of serotypes canicola and biflexa Patoc I was located in the wall of the protoplasmic cylinder, and that this wall was similar to the cell wall of bacteria in that it provided rigidity, in the case of Leptospira, helicoidal. The existence of two independent axial filaments, one inserted at each end of the cell, is in agreement with the observations of Ritchie and Ellinghausen (35) for serotype pomona and more recently the observations of Anderson and Johnson (4) for serotypes canicola and biflexa Patoc I. Similar axial filament structural arrangements have also been shown in an oral spirochete, T. microdentium (21) , and in the anaerobic spirochete S. stenostrepta (15) . However, the "terminal organ" reported to exist in serotype pomona by Ritchie and Ellinghausen (35) was not found in strain B16.
In contrast to previous reports (11, 28, 29) , no elementary strands were observed, even after various chemical and enzymatic treatments of purified axial filament suspensions. Thin sections of filament suspensions also failed to reveal any elementary fibers, as reported for filaments from serotype pomona (35) , and indicated that these organelles did not possess the "9 + 2" fibrillar subunit structure characteristic of eucaryotic flagella.
The procedure developed for the isolation and purification of leptospiral axial filaments has permitted structural, physical, and chemical analysis of these organelles. The results indicated a remarkable similarity of these organelles to bacterial flagella. The insertion end of the axial filament, comprised of a series of basal insertion discs attached to a terminal knob, is structurally analogous to the basal organelles attached to the hooked region of bacterial flagella (2, 3, 9, 34) . The existence of an outer coat around the axial filament was consistent with the observation of similar coats or sheaths surrounding flagella from several bacterial species (25) , as well as the flagellum from Bdellovibrio bacteriovorus (36) the effects of dimethyl sulfoxide, ethyl alcohol, and butanol in disrupting axial filaments, that there are similar intramolecular forces involved in maintaining the structural integrity of bacterial flagella and leptospiral axial filaments. Similarly, the comparative resistance of the terminal knobs of the axial filaments and the hooks of bacterial flagella to dissociation was interesting. At present, one can only conclude from these results that this region of the axial filament and bacterial flagellum is chemically distinct from the remainder of the organelle.
Electrophoretic analysis of purified axial filaments and flagella indicated that the two structures were different in regard to their individual protein species. Acid-dissociated bacterial flagella migrated as a single protein species when subjected to polyacrylamide gel electrophoresis (26) . In contrast, axial filaments, when subjected to similar electrophoretic conditions, were separated into six individual proteins. Thus, leptospiral axial filaments may not only be structurally more complex than bacterial flagella, but may also be functionally more complex. In contrast, Lowy and Hanson (25) showed that flagella from some bacterial species possessed a sheath, and this sheath could be removed during flagella purification. Possibly the flagella used for a comparison in this study and those used by Martinez, Brown, and Glayer (26) lacked a sheath. The degree of susceptibility of the flagella and axial filaments to dissociation when subjected to the same conditions may be responsible for the variation in the number of separable proteins obtained. Finally, the possibility that the purified axial filament preparations were contaminated with protein structures that were not detectable with the electron microscope must be considered.
Amino acid analyses of purified axial filaments indicated that approximately 2.7% of the total amino acids were present as the methionine sulfone. It is possible that methionine does not exist as the sulfone in the native structure, and that the sulfone results from oxidation of methionine residues during axial filament purification or during hydrolysis for amino acid analysis. Generally, the amino acid compositions of the bacterial flagella and the axial filaments were The significance of these findings may only be realized when the amino acid composition of axial filaments from other species of spirochetes has been determined. The striated tubular structures, with a 4 to 5 nm periodicity, observed during the purification of leptospiral axial filaments were similar to those reported for serotype canicola by Anderson and Johnson (4) . These authors considered these structures as cylindrical sheath fragments which presumably connected "blebs" to the sheath of the protoplasmic cylinder in intact cells. We concluded that these tubular striated structures are composed of a continuous helically coiled fiber, as indicated by their uncoiling during attempts to purify axial filaments. These helically coiled structures are believed to surround the axial filaments in the intact cell. Similar striated structures have been shown to surround the axial filaments in T. microdentium, B. vincentii (7, 8) , and S. stenostrepta (15) . Figure 25 shows a schematic representation of the proposed structural constituents comprising the axial filament. It is seen to consist of a series of basal discs attached to a terminal knob, which in turn is connected to a solid inner core surrounded by its coat. Collectively, these structures comprise the axial fibril, which in turn is surrounded by the helically coiled layer. The model presented here is consistent with the observation that there are two independent axial fibrils, one inserted in each end of the cell. However, it is not known whether there are two independent helically coiled tubes, or whether there is a single continuous tube surrounding both axial fibrils.
If one considers the similarity of the leptospiral axial fibril to the bacterial flagellum and the observation that this fibril is surrounded by a helically coiled structure, it seems logical to assume that this complex structure is involved in some manner with cellular motility. If the structure proposed for the leptospiral axial filament (Fig. 25) is correct, then a mechanism for its function as a locomotor organelle is possible. The two independent axial fibrils, one anchored at each end of the cell, may be considered to control the direction of the cell's motion, one fibril for each direction. The energy for motility may originate as an impulse in the basal discs and terminal knob and travel in the form of a sinusoidal wave along the axial fibril. The coiled tubular material, consisting of a continuous helically coiled fiber, surrounds the axial fibril and is presumably held firmly to the protoplasmic cylinder. The sinusoidal wave impulse traveling along the axial fibril could transmit energy to the helically coiled fiber, generating a rotary motion. Since the coiled fiber is attached to the protoplasmic cylinder, this rotary motion would then be transmitted to the intact cell causing rotation along the cell's axis. However, rotary motion alone does not seem to be completely responsible for translational motion. exhibited rotational, but no translational, motion. It is of interest that these mutants were found to lack the classical "hooks" on one or both ends of the cell but that they possessed all of the structures comprising the axial filament. From these observations, one may infer that the hooked end of the cell may be required for translational motion. The "hooks" on the end of the cell may function as "propellers," causing translational motion when sufficient axial rotation has been supplied.
The assumption that the leptospiral axial filaments function as locomotor organelles has been based primarily on structural evidence. For additional support of this hypothesis, it would be advantageous to demonstrate adenosine triphosphatase activity associated with the axial filament, such as that found in muscle tissue and flagella from eucaryotic cells (33) . Further, X-ray diffraction analysis of component structures of the axial filament may demonstrate a similarity to the fibrous proteins of the keratinmyosin-epidermin-fibrinogen class. Perhaps the best evidence for the function of these structures can be obtained by isolating nonrotating mutants which can be shown to lack one or more component structures of the axial filament.
